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73.40L I 1. Introduction. -It is well known that there are internal potential barriers in polycrystalline germanium, associated with grain boundaries [1] . The latter result in a large increase in the rate of electronhole recombination [2, 3] . A discussion of these effects involves some description of the boundary in thermodynamic equilibrium and the purpose of this paper is to provide such a description in terms of a simple model.
First consider the following experimental results. 1) Grain boundaries have an important effect on the conductivity of n type germanium but, in contrast, have little or no effect on the conductivity of p type germanium [1, 4] .
2) In n type germanium the barrier potential may be as much as a few tenths of a volt [1, 5] ; the barrier width is somewhat less than one micron [1] .
3) The boundary charge is apparently screened by a depleted layer [1] . An inversion layer might also form in some cases [5] [6] [7] [8] [9] . These results have suggested the existence of electron states localized at the boundary, which according to Shockley [10] might form a partially filled band. The properties of low angle tilt boundaries have been discussed along these lines by Mueller [11] . Other authors [9, 12] have suggested that the boundary states could form a discrete set of acceptor or donor levels. Impurity segregation could then be an important factor.
Let us consider a bicrystal with a low angle (a few degrees) tilt boundary. The boundary is assumed to consist of a single set of parallel, equally spaced edge dislocations. Moreover, we suppose the bicrystal is uniformly doped, so that effects of impurity segrega-' tion can be neglected. Following Shockley [10] we suppose the dislocation states form a partially filled band. A characteristic level Eo is defined so that when the Fermi level coincides with Eo, the band is half filled and the dislocations are electrically neutral. More generally, the dislocations may act as donors or acceptors according to the position of the Fermi level with respect to Eo, thus becoming electrically charged. This model has been used by Schroter and Labusch [13] so that the boundary is electrically neutral for fB = V2. According to equation (1) fB is given by :
where Vo is the electrostatic potential in the boundary plane, i.e. the barrier height.
Nt is related to the misorientation angle 0 and the number of states per unit length of dislocation which we denote by 2/c. Note that in Read's model [14] , c would be the distance between consecutive dangling bonds along the dislocation. b) The screening charge density is made up of three contributions ; 1) the ionized impurities with density n¡(x);
2) the conduction electrons with density n(x) ; and 3) the holes in the valence band with density p(x).
Let n'(x) be the density of As is shown in appendix A, the electrostatic energy density is given by :
In particular consider the value of we in the boundary plane.
According to Coulomb's theorem, the magnitude of the electric field is given by ! cr 1/2 8 which means that we = a2 /8 8. Comparison with equation (16) gives :
where no, po and n'o are the densities of electrons, holes and unionized impurities in the boundary plane.
The equilibrium properties of the boundary are determined by the set of equations (4), (5), (8) through (13), (15) Using the equilibrium equations given in section 2, it can be easily shown that fB has a minimum when We now consider the relationship of this minimum to the formation of the inversion layer. figure 2 representing the bending of the energy bands near the dislocation. Depending on the temperature and the doping ratio the dislocation is surrounded with a depleted, an inversion or an accumulation layer.
We understand that this fact has not been taken into account in discussing the results of Hall effect measurements in deformed germanium [13, 15] . 4 . The properties of a tilt boundary in p type germanium. - Figure 5 shows the dependence of fB, Vo and po on temperature in a p type bicrystal with a 20 tilt boundary. Again a doping ratio of 1015 cm-3 is assumed. The neutral temperature is about 140 K.
When T
To the boundary becomes positively charged ( fB 1/2) and a depleted layer forms ( po Na) resulting in a repulsive barrier as in the case of n type germanium. However the barrier height is much lower in the present case (Fig. 5b) . When T &#x3E; To the boundary charge becomes negative, resulting in an accumulation layer (po &#x3E; Na). 5 . The electrostatic energy and the entropy stored in a bicrystal.
-
The occupancy of the boundary states is discussed in terms of the electrostatic energy and the entropy stored in the bicrystal. The electrostatic energy is of major importance at low temperatures, as Read has shown for the case of a single dislocation [14] . A different behaviour however prevails in the high temperature range, due to changes in the screening conditions, so that the dependence on the electrostatic energy is much reduced. On the other hand, the entropy stored in the screening layer is no longer negligible. Both effects favour a rapid build up of the boundary charge, as shown in figures 3 and 5. These properties will be studied for an n type bicrystal. Similar effects hold for p type specimens, but with an accumulation instead of an inversion layer. Solving equation (5) figure 6a : an electron is transferred from A (the limit of the depleted layer) to B, the boundary plane, so that We is changed by -q Vo, the work done against the repulsive electrostatic forces.
An approximate form of the equilibrium condition is obtained by eliminating q Vo from equations (24) and (26), as follows :
where fa is deduced from equation (27) in conjunction with equations (4) and (25) .
An equation similar to (27) has been given by Read [14] for a single dislocation (« minimum energy approximation »). This equation holds only when there is no inversion layer : the entropy stored in the depleted layer is nearly independent of the boundary charge, and therefore the equilibrium condition involves the variation of the electrostatic energy alone.
(b) T &#x3E;&#x3E; Ti (inversion layer). Varying the boundary charge now amounts to transferring electrons from C at the top of the inversion layer, to B (Fig. 6b) , a local rearrangement as is discussed in appendix C. Therefore the electrostatic energy is not expected to depend very much on the boundary charge. However the entropy should have a strong variation as new holes are added to the inversion layer. We shall consider the case of a strong inversion layer, for which According to equation (C 10), Transferring an electron from C to B varies the internal energy of the bicrystal by an amount :
Let 65 be the corresponding change in entropy : : 6S consists of the entropy change of the boundary electrons, together with that of the holes in the screening layer. At equilibrium the free energy of the bicrystal is minimized with respect to the boundary charge and therefore it follows that :
Neglecting the change in electrostatic energy and the change in entropy of the boundary electrons gives :
A new form of the equilibrium condition is obtained by eliminating Eo from equations (24) and (31) so that :
The quantity -q Vo is now related to the variation of entropy of holes in the screening layer rather than the increase in electrostatic energy.
The occupancy of the boundary states is found from equations (4), (20), (25) and (28) : the dependence on temperature is much stronger than in case (a). On the other hand, fB no longer depends on the doping ratio, which it to be expected as the electrons in the boundary states and the inversion layer form practically a closed system with respect to the rest of the bicrystal. 6 . Conclusion. - (11), (12), (13), (21) and (22) According to (9) the hole density in the boundary plane is : giving to first order in a :
From (A. 5), (B. 4), (B. 6), (12) and (15) (Fig. 7a) . According to Coulomb's theorem the electric field at the origin is u/2 8. Consider the point M (abscissa bx) where the electric field is ( 6 + bQ)/2 s : clearly the part of the curve to the right of M describes the variation of the potential for the boundary charge Q + 6J, the plane of the boundary being shifted to the point of absissa bx.
The relation between bx and 6J is found by considering the screening charge distribution (Fig. 7b) : according to Gauss's theorem the screening charge in the shaded area is one half of ba (c) The electrostatic energy density. The figure is drawn for ba &#x3E; 0. For a negative variation M is located on the dotted part of the curve (Fig. 7a) The electron transfer takes place between the valence band and the boundary states as is shown in figure 6b . The variation of We will be found in the case where po » ( -qVolkT) Nd. Then a'/8 s -kT po (A. 7) and therefore :
